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Introductory paragraph: 
Lensless imaging has emerged to an indispensable imaging modality allowing to surpass the 
resolution limit of imaging optics1. At the same time, attosecond science has uncovered ultrafast 
dynamics in atoms, molecules, and complex materials. Clearly, combining attosecond temporal 
resolution with nanometer spatial resolution would allow unique studies of ultrafast dynamics on 
the smallest spatio-temporal scales. Unfortunately, the required bandwidth of attosecond pulses 
conflicts with the coherence requirements for lensless imaging. Here, we present a straightforward 
method to surpass the temporal coherence limit in Fourier-Transform-Holography by a factor of 
five. In a first experiment, a spatial resolution of 38 nm (2.8 λ) has been achieved with a bandwidth 
supporting a Fourier-limited pulse duration of only 320 as. This paves the way for an ultrafast view 
on nanoscale dynamics of energy2, charges3 or spins4, which are the basis of next-generation 
electronics, data storage, energy conversion, and energy storage devices. 
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Main: 
Lensless imaging techniques provide both amplitude- and phase-contrast and allow surpassing 
existing resolution limits, especially in the XUV and X-ray range. In recent years the spatial 
resolution has been pushed to ~5 nm5, and a variety of applications have been enabled5–7.  
Typically, lensless imaging relies on iterative phase retrieval algorithms to reconstruct the sample 
under investigation from its diffraction pattern. Unfortunately, the convergence of the involved 
phase retrieval algorithms is strongly influenced by experimental conditions such as the coherence 
of the source, the linearity of the detector and noise.  
In contrast, Fourier transform holography (FTH) directly encodes the phase of the object's exit 
wave in the far-field interference pattern, utilizing an adequately placed reference pinhole8. Thus, 
FTH enables direct and simple image reconstruction, while still allowing wavelength-scale, high-
resolution imaging9 with a broad range of applications e.g. imaging of biological samples10 and the 
dynamics and inertia of skyrmionic spin structures11. Due to its robustness and reliability, FTH has 
been the choice for ultrafast imaging of demagnetization dynamics12 with ~100 fs temporal and 
~100 nm spatial resolution. Recent calculations and experiments uncovered much faster dynamics 
on a few-femtosecond and attosecond scales13.  
Lately, table-top XUV sources based on high harmonic generation (HHG) gained attention. These 
sources have seen an enormous performance increase14,15 and nowadays allow performing lensless 
imaging experiments on an optical table that were so far only possible at large scale facilities16,17. 
Unfortunately, the generated spectra are inherently broadband which conflicts with the strict 
temporal coherence requirements of lensless imaging.  
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On the other hand, the broad high harmonic spectra support pulse durations in the attosecond 
regime18. Attosecond physics has evolved to its own area of research and allows us to solve 
fundamental questions in atomic19, molecular20, and solid-state physics3. Combining the temporal 
resolution of attosecond science with nanoscale imaging would allow exciting views of the fastest 
dynamics at the nanoscale but is so-far hindered by the strict temporal coherence requirement of 
lensless imaging techniques. In this work, we present a straightforward and direct method to 
surpass the temporal coherence limit of FTH by a factor of 5. The presented method is ideally 
suited for table-top sources and can be employed at synchrotrons and free-electron-lasers as well. 
Since a monolithic mask is used, not only fluctuations of the spectrum but also pointing and power 
instabilities can be tolerated. 
 
Figure 1: Schematic representation of the experiment. a A spatially coherent high-harmonic beam is focused on 
the sample using a broadband multilayer mirror. b The filtered spectrum possesses a bandwidth of 5.6 eV. The small 
inset shows the XUV-pulse in the time domain yielding a pulse duration of 320 as assuming a flat spectral phase. c 
SEM image of the sample: A resolution-test pattern is located in the center and surrounded by five reference 
apertures (scale bar corresponds to 2 µm). d Measured (intensity) hologram of the sample in log-scale using the 
spectrum shown in a. The scale bar in d corresponds to 10 µm-1. 
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For the experiments a laser-driven high-order harmonic source, which generates a broadband XUV 
spectrum up to 100 eV, has been used. From the broadband spectrum, a bandwidth of 5.6 eV at a 
central photon energy of 92 eV is selected, which corresponds to a relative bandwidth E/ΔE=16 
and a Fourier-limited pulse duration of 320 as (Fig. 1 b). A resolution test chart is placed in the 
focus of the XUV-beam (Fig. 1 c) and five circular apertures with a diameter of 90 nm each are 
placed evenly spaced around the sample with a radius of 2 µm. A more detailed description of the 
XUV source and the experimental geometry is given in the methods section. The achievable 
resolution in our experiment is governed by three limitations. First, the numerical aperture of our 
system results in a diffraction-limited resolution of 20 nm. Second, in FTH the size of the reference 
aperture limits the resolution to ~70% of its diameter21, which corresponds to 60 nm in the 
presented configuration. Moreover, in coherent diffraction imaging the resolution is significantly 
limited by the spectral bandwidth. As soon as the optical path difference between the sub-waves 
originating from the outer edges of the sample exceeds the temporal coherence length, the 
interference contrast is strongly reduced. This determines the largest diffraction angle with 
sufficient interference contrast. The achievable resolution is thus directly related to the longitudinal 
coherence length lc and the maximum size of the sample D by the following formula
22. 
𝜟𝒓 =
𝝀𝑫
𝟐𝒍𝒄
      (1) 
In FTH the maximum size of the sample includes the corresponding reference aperture of the 
reconstruction. In the presented experiments the overall size is 2.5 µm, the coherence length is 
150 nm (Gaussian spectrum assumed) and leads to a bandwidth-limited resolution of 110 nm. 
Hence, the resolution in our experiment is solely limited by the bandwidth. 
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Figure 2: Effect of broadband radiation on FTH. a Fourier transform of the measured diffraction pattern shown in 
Fig. 1 d. The intense autocorrelation in the center is blocked and only the five cross-correlation terms and their 
corresponding complex-conjugates are shown. The scale bar represents 1.5 µm. Figure b shows a magnified version 
of the top cross-correlation. c shows the vertical and horizontal lineouts indicated in b. d, e, and f show simulations 
to illustrate the impact of a broad bandwidth illumination on FTH. d shows the simulated sample, e shows a 
monochromatic reconstruction and f shows the reconstruction for an illumination consisting of two discrete 
wavelengths. 
The object is reconstructed by a simple Fourier transform from the far-field hologram (Fig. 1 d) 
and is shown in Fig. 2 a. Since the object is surrounded by five reference pinholes, five 
reconstructed objects (cross-correlation of the sample with the reference) and their complex-
conjugated are visible. A closer look at one of the reconstructions (Fig. 2 b) shows that the object 
is noticeably smeared, which can be attributed to the broad-bandwidth radiation used in the 
experiment. A vertical and horizontal lineout along the features of the sample is shown in Fig. 2 c. 
Clearly, the smearing (i.e. the spatial resolution) is anisotropic. While the features along the 
horizontal direction are resolved, the features along the vertical direction are blurred. To explain 
this behavior, we performed simulations assuming a single reference aperture (Fig. 2 d) for 
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monochromatic illumination (Fig. 2 e) and for an illumination consisting of two discrete 
wavelengths (Fig. 2 f). In the monochromatic case, the object is nicely resolved. For the dual-
wavelength case, the reconstruction is distorted. Two shifted, partially overlapping objects are 
visible, where each corresponds to one of the discrete wavelengths. This behavior explains the 
anisotropic resolution since the object is shifted along the “sample-pinhole” axis, which has been 
exploited in earlier experiments where a specialized sample design was used to separate the 
contributions of different discrete wavelengths23. For a broadband source, the same effect leads to 
continuous smearing along the pinhole-sample direction, whereas the direction perpendicular to 
the “sample-pinhole” axis is only slightly smeared. 
 
Our method relies on multiple pinholes surrounding the sample. For each cross-correlation term a 
different direction is smeared. This effect can be used to reconstruct a high-resolution image from 
multiple spoiled cross-correlation terms. Instead of averaging over all reconstructed objects24, we 
combine the high-resolution spatial frequencies from all cross-correlation terms. For doing so, we 
cut from the reconstruction the five reconstructed objects (see Fig. 3 a) and apply a Fourier 
transform on each of the reconstructions (Fig. 3 b). In Fourier space, we apply a suitable filter on 
each reconstruction. Here, five binary masks (small inset in Fig. 3 b) are used, which keep the high-
resolution spatial frequency components along the axis perpendicular to the sample-pinhole 
direction. 
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Figure 3: Schematic representation of the used method. Each cross-correlation term a is transformed into the 
Fourier space b where a binary filter is applied (small inset), which keeps the high-resolution spatial frequencies. The 
spatial frequencies are summed and yield a high-resolution Fourier space image which is shown in c. 
The remaining high-resolution spatial frequency components are summed up (Fig. 3 c) and finally 
the improved object is reconstructed by an inverse Fourier transform. The resulting high-resolution 
reconstruction (Fig. 4 b) shows a significantly improved image quality. A lineout for both 
reconstructions is shown in Fig. 4 e and shows that two features separated by a distance of 90 nm 
that were so far not resolved, are now clearly distinguishable. We determine the achieved resolution 
by measuring the steepness of an edge (knife-edge test, indicated by a white line in Fig. 4). The 
lineout from Fig. 4 e suggests a resolution of 115 nm for standard FTH, which is in good accordance 
with the temporal coherence limit (110 nm). The broadband-FTH method supports a resolution of 
65 nm which agrees well with the resolution limit imposed by the size of the reference aperture (60 
nm). To overcome this resolution limit we additionally employed an iterative phase retrieval 
algorithm, that takes the broad bandwidth into account22. Since our broadband FTH method gives 
already a high-quality image of the object (Fig. 4 b), we use this as the initial field for the phase 
retrieval algorithm. As a result, the iterative phase retrieval algorithm converges stably and quickly 
after only a few iterations. We estimate the improved resolution to be 38 nm evaluating the phase 
retrieval transfer function25. To prove that our broadband FTH method is essential we also seeded 
a smeared cross-correlation term (Fig. 4 a) to the same phase retrieval algorithm with identical 
8 
 
parameters. The resulting reconstruction is depicted in Fig. 4 c and shows a worse image quality 
and resolution. Note that for the employed phase retrieval algorithm the shape of the spectrum had 
to be known, which is not required for the broadband-FTH method itself. Thus, broadband FTH 
can still be used in case of a significant pulse to pulse fluctuations of the spectrum e.g. at unseeded 
free-electron-lasers or single-shot laser experiments26.  
Finally, it remains to be clarified what the limits of broadband FTH are. Considering equation (1), 
we find that the broadband-FTH method improves the spatial resolution by a factor of 5 compared 
to the standard FTH method. This factor can be explained by a virtual reduction of the maximum 
sample size. Using the broadband-FTH method we effectively reduce the largest extend of the 
sample to the half size of the sample, which corresponds to an improvement of the bandwidth-
limited resolution by a factor of 5. A more detailed analysis of the improvement in resolution is 
given in the supplementary material. 
 
 
Figure 4: Comparison of broadband FTH with standard FTH. a Reconstruction of the resolution-test 
sample using standard FTH. b Reconstruction of the sample using the broadband-FTH method. c 
Reconstructed object after applying an iterative phase retrieval algorithm on the measured diffraction 
pattern with a as the initial field. d Reconstructed sample after applying the same phase retrieval algorithm 
but using b as the initial field. The scalebar in a-d corresponds to 1 µm. e Lineouts along the white-line in 
a–d and estimation of the achieved resolution using a knife-edge on the standard FTH reconstruction and 
broadband-FTH reconstruction. 
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Generally, our method reduces the requirements on the temporal coherence and thus allows 
effectively using a larger bandwidth from broadband sources, which is more photon efficient and 
allows shorter pulse durations. In the same way, for a given bandwidth the field of view could be 
increased by more than an order of magnitude. In particular, we prove the feasibility of nano-scale 
imaging with attosecond temporal resolution since the bandwidth used in the experiment supports 
attosecond-pulses. This opens exciting possibilities for the observation of ultrafast transport and 
transfer processes of energy2, charges3, or spins11, which are the basis of next-generation 
electronics, data storage, energy conversion, and energy storage devices. 
 
Methods 
Sample fabrication: 
A Si3N4 membrane with a thickness of 50 nm was coated with 250 nm Cu, which results in an 
overall transmission of 4.5 × 10−7 at 92 eV and acts as an absorber. The resolution test sample 
and reference apertures were structured by means of focused gallium ion beam milling on a FEI 
Helios NanoLab G3 UC. The resolution test sample and the corresponding reference apertures were 
written in parallel using an ion energy of 30 keV and current of 7.7 pA to achieve the high aspect 
ratio of the holes and bridges. After fabrication, the size of the reference apertures was measured 
using a transmission electron microscope yielding a diameter of 90 nm. The sample diameter was 
chosen to be 1 µm. The reference pinholes were placed at a radius of 2 µm equally spaced around 
the sample. Since the resolution imposed by the bandwidth depends on the maximal size of the 
sample (see eq. 1), the reference aperture should be placed as close as possible to the object. 
However, certain design rules have to be followed, which are explained in more detail in the 
supplementary material.  
Experiment and data processing 
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A high-power fiber laser with a central wavelength of 1 µm was compressed to a pulse duration of 
7 fs with a pulse energy of 400 µJ at a repetition rate of 76 kHz which results in an average power 
of 30 W. The IR-laser is focused in a gas jet with a diameter of 500 µm where Argon with a backing 
pressure of 0.6 bar is applied. A broadband spectrum reaching up to 100 eV is generated with a 
flux of 7 × 109 phot/s/eV at 92 eV. A more detailed description of the XUV-source is given in27. 
To separate the high-power IR laser beam from the XUV-beam 4 grazing incident plates that reflect 
the XUV radiation, but transmit the IR beam, followed by two Zr filters with a thickness of 200 nm 
are used. Three broadband XUV-multilayer mirrors with a peak reflectivity each of 30 % at 92 eV 
are used to select a bandwidth of 5.6 eV (FWHM) and to focus the beam on the holography sample. 
The spectrum incident on the sample (Fig. 1 b) was calculated by multiplication of the measured 
spectrum of the HHG source with the calibrated reflectivity of the three multilayer mirrors. The 
XUV-camera (Andor iKon-L) was placed 30.5 mm behind the sample which results in a NA of 
0.41. A metal plate with a circular aperture was placed between sample and detector to reduce stray 
light, which limited the NA to 0.36. During the measurements, the CCD was cooled down to 
- 50°C. The diffraction pattern in Fig. 1 d) was recorded with a total exposure time of 120 s using 
2 by 2 on-chip binning. After the measurement, the diffraction was corrected for the curvature on 
the Ewald’s sphere, which is due to the high numerical aperture28. 
 
Broadband-FTH method and broadband, iterative phase retrieval algorithm 
For each reference aperture, the corresponding cross-correlation term was isolated and a Fourier 
transform was applied. In Fourier space a simple, binary mask was applied to select only the high-
contrast spatial frequency components. Since five reference aperture were used, the binary mask 
consisted of an acceptance angle of 36° orientated perpendicular to the sample–pinhole direction. 
To further enhance the resolution beyond the limit imposed by the diameter of the reference 
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aperture, an iterative, broadband phase retrieval algorithm was applied in. As the input spectrum 
for the phase retrieval algorithm, we used the spectrum shown in Fig. 1 b, which results from the 
measured HHG-spectrum multiplied with the reflectivity of the XUV multilayer mirrors. The 
broadband-FTH result was seeded as the initial field to the algorithm22 and the support was 
calculated by an appropriated threshold on the amplitude. For the shown result 30 iterations of the 
RAAR-algorithm29 were applied. Every third iteration the support was updated using the shrink-
wrap method30. The resolution of the reconstruction was determined by applying the 1/e criterion 
on the phase retrieval transfer function, which results in a resolution of 38 nm. 
 
Data Availability 
The data that support the plots within this paper and other findings of this study are available from 
the corresponding author upon reasonable request. 
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Sample design: 
The achievable spatial resolution in FTH depends linearly on the distance between the sample and 
the corresponding reference aperture (see eq. 1). Unfortunately, the reference aperture cannot be 
placed too close to the sample, since geometrical constraints have to be considered. At the center 
of the reconstruction the autocorrelation of the sample is located, which has a radius of two times 
the sample radius (see Fig. 5 a). Since the cross-correlation term (CC), which contains the image 
of the sample should not overlap with the auto-correlation term (AC), the reference needs to be 
placed at a distance of at least 3r from the sample center, where r is the radius of the sample. If a 
broad-band source is assumed, the situation gets even more difficult. Since the reconstruction is a 
superposition of multiple reconstructions with different wavelengths (see Fig. 5 b) for illustration), 
the minimal distance increases and needs to fulfill the following condition1: 
𝒅 ≥ 𝒓(𝟏 +
𝟐𝝀𝒎𝒂𝒙
𝝀𝒎𝒊𝒏
)      (2) 
Where 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 are the smallest and largest wavelength in the spectrum. 
15 
 
 
 
Figure 5: Design constraints for FTH samples a, Shows the monochromatic case. The autocorrelation (AC) is 
yellow and has the double size of the original sample. The cross-correlation term (CC) represents the reconstruction 
of the object. The broadband case is shown in b. Due to the broad bandwidth, the design rules have to be adapted. 
 
The number of reference apertures: 
Since the broadband-FTH method relies on selecting high-contrast Fourier components from 
multiple CC terms, adding as many reference apertures as possible is desirable. Unfortunately, not 
more than 5 pinholes can be added without increasing the sample-pinhole distance which is 
illustrated in Fig. 6. The reason for this is that otherwise, the cross-correlation terms overlap. 
Overlapping cross-correlation terms can be avoided for more than 5 pinholes by using a larger 
pinhole-sample distance. However, this will further increase the smearing effect on each CC-team 
due to the broad bandwidth. Please note that only half of the circle is filled with reference pinholes 
since each CC term will also have a complex conjugate on the opposite side of the sample. Our 
analysis reveals that 5 reference apertures provide the best image quality and resolution for the 
minimal sample-pinhole distance. 
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Figure 6: This figure illustrates that only 5 reference apertures can be used without increasing the pinhole-sample 
distance d. 
 
Limits of broadband-FTH: 
Here we answer the question to what extend broadband-FTH will improve the resolution compared 
to standard FTH. Above we have shown, that the reference aperture has to be placed at least 3⋅r 
from the center of the sample (for monochromatic radiation and infinite small reference aperture), 
where r is the radius of the sample. Since, in our experiment a broadbandwidth source was used 
and the reference aperture itself had a diameter of 90 nm a distance of 4⋅r proved to be more 
suitable. Generally, in FTH a good separation of the CC term from the AC term is important, since 
the AC term is ususaly much brighter than the CC term. Thus 4⋅r can be considered as a reasonable 
sample-pinhole distance in general. 
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For the broadband case the smearing of the reconstruction is due to the superposition of many 
monochromatic reconstructions stretched by the wavelength (see Fig. 5 b for illustration). Our 
method removes the stretching due to the large pinhole-sample distance. The stretching, that is due 
to the extend of the sample itself cannot be removed. Hence, our method can improve the resolution 
for the given geometry by a factor of 5. We prove our findings by a numerical simulation. As a 
sample, we used a Siemens star with a diameter of 2 µm surrounded by five reference apertures at 
a radius of 4 µm. The size of the reference apertures was chosen to be 80 nm. Furthermore, a 
Gaussian-shaped spectrum at a central photon energy of 92 eV with a relative bandwidth of 10 was 
assumed. The result of the standard-FTH method is shown in Fig. 7 b and the reconstruction of the 
broadband-FTH method is shown in Fig. 7 c. Since we used a Siemensstar as a sample, we can 
estimate the resolution directly from the reconstruction by the smallest radius where the spokes are 
still resolved. As the resolution criterion, we chose the Rayleigh criterion, which means we 
considered a structure as resolved if a contrast of at least 0.264 is visible. Our analysis shows that 
with the standard-FTH method all spokes are resolved at a radius of 837 nm (see Fig. 7 d), whereas 
with broadband-FTH all spokes are already resolved at a radius of 176 nm (see Fig. 7 e). Since the 
spacing of the spokes is linear with the radius, our simulation shows an improvement of the 
resolution by a factor of 4.8, which is in good agreement with our geometrical considerations. 
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Figure 7: Numerical simulation to determine the limit of broadband FTH. a, Siemens star sample used in our 
simulation. The scale bar corresponds to 2 µm. b, The reconstruction of the standard FTH method shows poor 
resolution. c, Reconstruction of the broadband-FTH method. d Circular lineout indicated in b by a blue line. e 
Circular lineout indicated in c by a blue line. 
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